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IN T RO DU C T IO N
The increase in soil salinity levels worldwide poses a profound
risk to the global food supply and to ecological interactions
within zones of increased salinity. Salt stress compromises
growth and causes declines in productivity in a considerable
variety of plant species. Elevated soil salinity reduces water potential and causes shifts in ion homeostasis, thereby affecting all
major plant processes including photosynthesis, growth and
protein synthesis (Parida and Das, 2005). Compared with the
detailed information available on the effects of soil salinity on
plant primary metabolisms and plant productivity, there is a
lack of information on the effects of salinity on defensive secondary plant compounds and the resulting bottom-up effects on plant
consumers (Slocum et al., 2002; Ballhorn et al., 2011).
Cyanogenesis – the enzymatically enhanced release of toxic
hydrogen cyanide (HCN) from pre-formed cyanide-containing
precursors in response to cell damage – is one of the most
widely distributed chemical defences in the plant kingdom.
Overall, cyanogenesis is a trait observed in .3000 species of
plants belonging to 110 families (Poulton, 1990), and belongs
to the most common defensive traits in crop plants (Jones,
1988). Cyanogenic plants compartmentalize the cyanogenic precursors (mostly cyanogenic glycosides) in vacuoles and

hydrolyse enzymes (b-glucosidases) in the apoplast to avoid
autotoxicity in the undamaged plant (Kakes, 1985). When
plant tissues are mechanically damaged by herbivores, the precursors and enzymes are brought into contact, resulting in formation of unstable a-hydroxy nitriles which decompose into
cyanide and a corresponding carbonyl compound either spontaneously or through enzymatic acceleration by another enzyme
(a-hydroxy nitrile lyase) (Selmar et al., 1987, 1989).
Cyanogenesis is an efficient direct defence against a broad
range of herbivores (Ballhorn et al., 2005, 2009a, 2010a, b).
Cyanide inhibits the mitochondrial electron transport chain and
cellular respiration (Zagrobelny et al., 2004; Ballhorn et al.,
2009b). Furthermore, the bitterness of cyanogenic glycosides
serves as a deterrent by decreasing the plant’s palatability to generalist herbivores (Nahrstedt, 1985; Jones, 1998). Although
cyanogenesis is widely distributed in agricultural plants, and increasing soil salinity represents an almost ubiquitous phenomenon in high productivity agricultural systems worldwide, the
effects of increasing soil salinity on plant cyanogenesis are
little understood. Such effects may have far-reaching impact
on the function of agro-ecosystems, productivity and food safety.
In the present study, we used Trifolium repens (white clover)
as an experimental plant to contribute to filling the gap in the
understanding of the quantitative effects of soil salinity on

# The Author 2014. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

Downloaded from http://aob.oxfordjournals.org/ by guest on July 9, 2014

† Background and Aims Increasing soil salinity poses a major plant stress in agro-ecosystems worldwide.
Surprisingly little is known about the quantitative effect of elevated salinity on secondary metabolism in many agricultural crops. Such salt-mediated changes in defence-associated compounds may significantly alter the quality of
food and forage plants as well as their resistance against pests. In the present study, the effects of soil salinity on cyanogenesis in white clover (Trifolium repens), a forage crop of international importance, are analysed.
† Methods Experimental clonal plants were exposed to five levels of soil salinity, and cyanogenic potential (HCNp,
total amount of accumulated cyanide in a given plant tissue), b-glucosidase activity, soluble protein concentration
and biomass production were quantified. The attractiveness of plant material grown under the different salt treatments
was tested using cafeteria-style feeding trials with a generalist (grey garden slug, Deroceras reticulatum) and a specialist (clover leaf weevil, Hypera punctata) herbivore.
† Key Results Salt treatment resulted in an upregulation of HCNp, whereas b-glucosidase activity and soluble
protein concentration showed no significant variation among treatments. Leaf area consumption of both herbivore
species was negatively correlated with HCNp, indicating bottom-up effects of salinity-mediated changes in
HCNp on plant consumers.
† Conclusions The results suggest that soil salinity leads to an upregulation of cyanogenesis in white clover, which
results in enhanced resistance against two different natural herbivores. The potential implications for such salinitymediated changes in plant defence for livestock grazing remain to be tested.
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MAT E RI ALS A ND METH O DS
Plant material

We screened 35 white clover plants (Trifolium repens, Fabaceae)
growing at a coastal site near Newport (OR, USA) for cyanogenesis. All plants were cyanogenenic, thus producing both cyanogenic glycosides and a corresponding b-glucosidase (AcLi)
enabling the rapid release of HCN. Nine of these 35 were selected
randomly and clonally propagated using stem cuttings. The
release of HCN was tested as described below for the quantification of the cyanogenic potential but without addition of external
b-glucosidase. Plants were grown in the greenhouse adjusted to
resemble natural outdoor conditions. Light in the greenhouse was
provided by a combination (1 : 1) of HQI-BT 400 W (Osram) and
RNP-T/LR 400 W (Radium) lamps with a light regime of 15 : 9 h
light:dark under a photon flux density of 550 – 700 mmol photons
m – 2 s – 1 at table height. The temperature was set at 24 8C during

the light period and at 17 8C during the dark period. Relative air
humidity was adjusted to 70 – 80 %. Plants were cultivated in
plant containers of 10 × 10 × 11 cm (width, length, height;
one plant per pot) in a 1 : 1 ratio of potting soil (Fox Farms,
Arcata, CA, USA) and sand (grain size 0.5 mm). The substrate
was autoclaved at 121 8C for 35 min at a pressure of 1260
mbar. To prepare soil for the salinity treatments, dry soil was
enriched with salt (NaCl, p.a. grade; Merck) resulting in salt concentrations of 1.2 mg L – 1 (level 1), 1.6 mg L – 1 (level 2), 2.0 mg
L – 1 (level 3), 2.4 mg L – 1 (level 4) and 2.8 mg L – 1 (level 5). The
ultimate salinity of the experimental soils was determined by
measuring the electrical conductivity based on a soil-saturated
paste extract (ECe) according to Rhoades et al. (1989). Salinity
units are expressed as deci-Siemens per metre (dS m – 1);
n ¼ 5 samples were analysed from the respective soil mixture.
We recorded the following conductivities (dS m – 1): control
(0.2 + 0.1), level 1 (1.7 + 0.2), level 2 (2.3 + 0.2), level 3
(2.9 + 0.1), level 4 (3.4 + 0.2) and level 5 (3.9 + 0.2).
All plants were initially fertilized with 50 mL of a 0.2 %
aqueous solution of Flory-3 fertilizer [NPK plus magnesium
(%); 15, 10, 15, +2; EUFLOR, Munich, Germany]. To replicate
natural growing conditions further, experimental plants were
inoculated with a nodulating rhizobia strain isolated from
white clover plants derived from the natural site in Newport,
OR, USA. When harvested for chemical analyses and feeding
trials, all plants were extensively nodulated.
All potted plants were placed in individual plastic trays.
During watering, overflow was prevented to avoid dilution of
salt concentration in the soil. The position of plants in the greenhouse was changed every 3 d to control for position effects.
Feeding experiments, chemical analyses of leaf material and
leaf number counts were conducted after a cultivation period of
5 weeks. Above-ground biomass was weighed on a balance
(Mettler Toledo, XA 204 Delta Range, Zurich, Switzerland) to
the nearest 0.001 g. We did not include below-ground material
in our analyses as clover roots were not used as a food source
by either herbivore species and did not show measurable levels
of cyanogenic glycosides and b-glucosidase activity.

Herbivores

Clover leaf weevils (Hypera punctata) and slugs (Deroceras
reticulatum) were collected in the wild from the same location
as the white clover stock material and rhizobia used to produce
the experimental plants. Beetles were randomly collected from
white clover host plants to represent natural ratios of sexes and
ages. To promote experimental handling of slugs, we collected
juvenile individuals of a similar size (about 2 cm in length).
The insects and slugs were collected no longer than 4 d before
the experiments and were maintained individually in transparent
250 mL plastic cups (water supplied on cotton) at a temperature
regime of 18 8C (day, 14 h) and 14 8C (night, 10 h) to resemble
natural outdoor conditions (climatic chamber; Conviron BDW
160-R walk-in CE chamber; Conviron, Winnipeg, Canada). To
ensure a similar physiological state, before the feeding trials
the insects were kept for 24 h with ad libitum access to white
clover leaf material but they were food deprived for 2 h prior to
the bioassays. The slugs were treated identically but were
deprived of food for 24 h prior the experiment.
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plant cyanogenesis. White clover is a cyanogenic perennial
legume of the family Fabaceae. It has been extensively
researched for its polymorphism of cyanogenesis, which is controlled by alleles at two independent loci. The Ac locus controls
the synthesis of the cyanogenic precursors, linamarin and lotaustralin, from hydrophobic proteinogenic amino acids. The Li locus
controls the production of the enzyme linamarase, responsible
for cleaving cyanogenic glycosides following mechanical
damage to plant tissues (Hughes, 1991). Variable expression of
alleles Ac and Li produces four cyanotypes (AcLi, Acli, acLi
and acli), leading to a substantial range in effective cyanogenesis
among white clover genotypes (Kakes, 1993).
White clover is a pasture crop of considerable international
abundance, being highly nutritious to grazing animals while
also maintaining soil fertility by providing nitrogen through its
symbiotic interactions with rhizobia (Abberton and Thomas,
2010). It is used predominantly as livestock forage in the
Mediterranean, Asia, Southern Africa, North and South
America, Australia and New Zealand. Many of these temperate
and semi-arid regions using irrigation face significant increases
in soil salinity over the coming decades (Yeo, 1999). Beyond
effects on livestock due to reduction of food quality, the effects
of altered cyanogenesis on natural herbivores probably result
in potentially far-reaching effects on non-vertebrate and vertebrate herbivore communities in agro-ecosystems (Bonte et al.,
2010).
To elucidate the quantitative effects of soil salinity on plant
cyanogenesis and plant –herbivore interactions, we compared
plant responses on a whole-plant level, and on the level of individual leaves of a defined developmental stage. Using whole
plants allowed for measuring the actual production of cyanogenic glycosides per plant individual, and individual leaves were
used for cafeteria-style bioassays involving two common
herbivores of T. repens: the clover weevil Hypera punctata
(Cucurlionidae) and the grey garden slug Deroceras reticulatum
(Agriolimacidae). In our experiments, we used clonal AcLi
plants, and leaves of a defined developmental stage to reduce uncontrolled genotypic and ontogenetic variation of traits among
plant individuals (Ballhorn et al., 2011). The present study is
one of the first reporting quantitative effects of soil salinity on
plant defence and different above-ground natural herbivores.
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Cyanogenic potential (HCNp)

Activity of b-glucosidase

The activity of b-glucosidase was measured according to
Ballhorn et al. (2006) using p-NP-glucoside (Merck) as the
chromogenic artificial substrate (2 mmol L – 1). The p-nitrophenol
released was quantified spectrophotometrically at 400 nm
(Ultraspec 3000; Pharmacia Biotech, Nümbrecht, Germany).
The b-glucosidase activity was calculated per gram of leaf
fresh weight as katal (kat). An enzyme activity of 1 kat is
defined as a substrate conversion rate of 1 mol of substrate per
second under standard temperature and pressure. Enzyme activity
was calculated using a coefficient of extinction for p-nitrophenol
(400 nm ¼ 16 159 L mol – 1 cm; Voß, 2001). The same extract
used for the determination of HCNp was also used for measuring
b-glucosidase activity in leaves. To remove cyanogenic precursors from the b-glucosidase extract, the leaf homogenate was
incubated in a water bath for 10 min at 30 8C prior to analysis.
This incubation period proved to be sufficient to remove
cyanide from the preparation.
Soluble protein concentration

Covariation of cyanogenic and nutritive plant traits, particularly soluble protein (Ganzhorn, 1992), may strongly determine
the overall attractiveness or resistance of plants to herbivores.
The soluble protein concentration in clover leaves was quantified
according to Bradford (1976). Leaf material was homogenized in
ice-cold sodium acetate buffer ( pH 5.0). Leaf extracts were centrifuged at 13 000 g in a cooled (4 8C) centrifuge (Eppendorf
5810 R) and the supernatant was filtered over NAPTM columns

containing SephadexTM G-25 DNA-Grade (GE Healthcare,
Munich, Germany). Subsequently, 5 mL of the eluate were
pipetted on microplates (96-well Microplates, F-bottom;
Greiner Bio-One, Frickenhausen, Germany), and 250 mL of
Bradford reagent (diluted with deionized water in the ratio 1 : 4)
were added. The protein concentration of samples was spectrophotometrically quantified at 595 nm. Bovine serum albumin
solutions (Merck) in the range between 10 and 600 mg mL – 1
served as standard.
Feeding experiments with clover leaf weevils (Hypera punctata)

Single beetles were placed in 9 cm Petri dishes lined with
moist filter paper to avoid wilting of leaf material. Feeding
experiments were conducted under controlled conditions (24 8C,
photon flux density of 200 mmol m22 s21). In each Petri dish,
leaf material from plants grown under each of the different salt
treatments was offered simultaneously to the insects in a
cafeteria-style experiment for 6 h. For the feeding trials, leaves
of a defined developmental stage were selected to reduce potential effects of leaf age on herbivore choice behaviour. Leaves
used for the experiments were fully developed and inserted
four leaf insertion positions down the apex. To exclude further
the effects of leaf morphology, in particular leaf size, on herbivore choice behaviour, we used leaf discs (7 mm in diameter)
rather than intact leaves. After the feeding experiments (6 h),
leaf discs were digitally photographed (Camedia C-4000
Zoom; Olympus, Hamburg, Germany) on a scale to calculate
missing leaf area using the analySIS software (Olympus Soft
Imaging Solutions GmbH, Münster, Germany).
We used field-collected weevils in natural ratios of sexes in the
experiments. Before the feeding trials, the insects were kept for
24 h with ad libitum access to white clover leaf material but
they were food deprived for 2 h prior to the bioassays to guarantee a similar physiological state of the insects.
Feeding experiments with grey garden slugs (Deroceras
reticulatum)

In feeding trials with slugs, the same type of cafeteria experiment was conducted as described for clover weevils, offering leaf
material from plants grown at different soil salinity for 6 h. The
missing leaf area was again quantified using the photoimaging
approach mentioned above. However, in feeding trials with
slugs, Petri dishes were not lined with filter paper (as slugs
used filter paper as an additional food source in preliminary
experiments) and experiments were conducted at a lower temperature (18 8C) and in the dark to account for the fact that
slugs are nocturnal. To guarantee high air humidity in the
feeding arenas, Petri dishes were placed in a large plastic box
containing wet cotton tissue.
Statistical analysis

To test for significant differences in plant parameters (HCNp,
b-glucosidase activity and soluble protein) among salt treatments, we applied post-hoc analyses [Tukey’s least significant
difference (l.s.d.); P , 0.05] after one-way analysis of variance
(ANOVA) using the respective plant feature as variable and
‘salt treatment’ as factor. Analyses of plant traits were carried
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The HCNp of white clover (whole plants and individual leaves
of a defined developmental stage) was analysed by complete enzymatic degradation of cyanogenic glycosides, and HCN
released from cyanogenic precursors was spectrophotometrically quantified (at 585 nm) using the Spectroquantw cyanide test
(Merck, Darmstadt, Germany) following the method of
Ballhorn et al. (2005). External b-glucosidase isolated from
lima bean (Fabaceae: Phaseolus lunatus L.) was added in
excess (100 mL, 20 nkat), to ensure complete degradation of cyanogenic precursors. This enzyme, isolated following Ballhorn
et al. (2006), showed high affinity for cyanogenic glyosides in
white clover as both plants produce the same two glycosides,
linamarin and lotaustralin. In short, to obtain b-glucosidase
for quantification of HCNp, whole young lima bean leaves
were weighed and homogenized in a 4-fold volume of
67 mmol L – 1 phosphate buffer adjusted to pH 6.4. The extract
was filtered through cotton fabric and centrifuged at 20 000 g
and 4 8C (RC5C, Sorvall). The protein-containing supernatant
was concentrated by ammonium sulfate fractionation and filtered through membrane caps with a pore size ,10 000 kDa
(Schleicher & Schuell BioScience GmbH, Dassel, Germany).
As the b-glucosidase solution used for HCNp quantification in
this study was prepared from b-glucosidase derived from cyanogenic lima bean, we tested the enzyme solution for contamination with cyanide. No detectable levels of cyanide were
found in b-glucosidase enzyme solution prepared from lima
bean leaves.
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out separately for both leaves of a specific stage and entire plants.
In feeding trials, herbivore leaf area consumption among salttreated plants was quantified and compared over the various treatments using post-hoc analyses (Tukey’s l.s.d.; P , 0.05) after
one-way ANOVA. Correlations between cyanogenic potential
in leaves derived from differently salt-treated plants and the
observed variation in herbivore feeding behaviour were analysed
with Pearson’s correlations. All statistical analyses were conducted using SPSS (IBM SPSS Statistics 21).
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Corresponding to the changes in the overall cyanide production per plant in response to salt treatment, the HCNp of individual leaves of a defined developmental stage was significantly
affected by soil salinity (Table 2; Fig 3). Compared with whole
plants, the HCNp of these leaves was 3.3 – 3.7 times higher,
due to the fact that for the analyses of entire plants, nearly noncyanogenic stems and low cyanogenic older leaves were also
included. The HCNp of leaves from plants that have been
grown at the lowest level of soil salinity (level 1; 1.7 dS m – 1)
as well as leaves derived from plants growing under the next
highest salt regime (level 2; 2.3 dS m – 1) was non-significantly
elevated compared with the controls (Fig. 3A). However,
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In extracts prepared from entire plants (above-ground material), we observed significant differences in HCNp among experimental groups (Table 1; Fig. 2A). Compared with the controls,
plants exposed to the lowest level of soil salinity (level 1; 1.7
dS m – 1) showed a non-significantly increased HCNp by a
factor of 1.1, whereas in all other experimental groups (levels
2 – 5; 2.3 – 3.9 dS m – 1) we observed significantly elevated
HCNp which increased with applied salt concentrations
(Fig. 2A). In plants growing at soil salinity levels 2 – 5, the
HCNp was increased by factors of 1.2, 1.4, 1.5 and 1.6 compared
with non-salt-treated controls. In contrast to the quantitative
effects of soil salinity on HCNp, neither b-glucosidase activity
nor the amounts of soluble protein were significantly affected
by the experimental treatments (Fig. 2B, C).
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Chemical traits of whole plants

0

Salinity treatment
F I G . 1. Growth parameters of white clover plants under varying soil salinity.
White clover plants (n ¼ 9 plants per group) were cultivated under six salt
(NaCl, sodium chloride) treatment conditions. Soil salinity was measured as electrical conductivity (dS m – 1) in soil-saturated paste extracts; control plants were
grown in soil without added salt (control, 0.2 + 0.1; level 1, 1.7 + 0.2; level 2,
2.3 + 0.2; level 3, 2.9 + 0.1; level 4, 3.4 + 0.2; level 5, 3.9 + 0.2).
Above-ground plant fresh weight (A) and leaf number (B) were determined.
Bars are means + s.d. Significant differences among treatments are indicated
by lower case letters [according to post-hoc analysis (l.s.d.; P , 0.05) after
one-way ANOVA].

TA B L E 1. Chemical traits and growth parameters of plants
Plant traits
HCNp
Soluble protein
b-Glucosidase activity
Leaf number
Plant fresh weight

F5,48

P

28.697
0.131
0.618
0.488
0.195

,0.001
0.984
0.686
0.783
0.963

Individual leaves of a defined developmental stage were quantitatively
analysed for cyanogenic potential (HCNp; mmol HCN g – 1 f. wt), soluble
protein (mg g – 1 f. wt) and b-glucosidase activity (mkat g – 1 f. wt).
Number of leaves per plant as well as total fresh weight (g) were
determined.
Differences in traits among soil salinity treatment groups were tested for
significance with one-way ANOVAs (P , 0.05), n ¼ 9 plants per group.
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Production of above-ground plant biomass was only marginally
affected by salt treatments. White clover plants grown at the
highest salt concentration (level 5; 3.9 dS m – 1) developed less
above-ground biomass (by a factor of 0.9) compared with the
controls. However, the differences in biomass production among
the different treatment groups were not significant (Fig. 1A).
In line with the limited effects on overall plant biomass, leaf
number of experimental plants did not change significantly in
response to salt treatments (Fig. 1B). The number of leaves of
plants grown at the highest level of soil salinity (level 5) was
slightly reduced compared with the controls (by a factor of 0.9).
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analysed for cyanogenic potential (HCNp; mmol HCN g – 1 f. wt), soluble
protein (mg g – 1 f. wt) and b-glucosidase activity (mkat g – 1 f. wt).
Differences in traits among soil salinity treatment groups were tested for
significance with one-way ANOVAs (P , 0.05), n ¼ 9 leaves per group.
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Among all treatments, we observed reduced leaf consumption
of both herbivore species, slugs (D. reticulatum) and weevils
(H. punctata), in response to elevated HCNp of salt-treated
plants (Fig. 4). Leaf area consumption and HCNp were
significantly negatively correlated for both herbivores (slugs,
r ¼ – 0.668; weevils, r ¼ – 0.581 according to Pearson’s correlation). In cafeteria-style choice experiments with slugs and
weevils, the consumption of leaf material varied significantly
among treatments (Fig. 5) and decreased with increasing salt
exposure of plants. However, reduction of leaf area consumption
was significant only for leaf material from plants grown at higher
salt concentrations (levels 4 and 5; 3.4 and 3.9 dS m – 1) (Fig. 5).
The rate of slug herbivory declined at a greater rate than thre rate
of weevil herbivory in response to elevated levels of cyanogenic
precursors. While slugs consumed approximately twice the
amount of leaf area as beetles among controls and plants
growing at lower salt concentrations (levels 1 – 4), the leaf area
consumed from level 5 plants was similar for both herbivore
species.
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F I G . 2. Responses of whole plants to variation in soil salinity. Six groups (n ¼ 9
plants per group) of clonal white clover plants were cultivated under six salt
(NaCl, sodium chloride) treatment conditions. Soil salinity was measured as electrical conductivity (dS m – 1) in soil-saturated paste extracts; control plants were
grown in soil without added salt (control, 0.2 + 0.1; level 1, 1.7 + 0.2; level 2,
2.3 + 0.2; level 3, 2.9 + 0.1; level 4, 3.4 + 0.2; level 5, 3.9 + 0.2). Whole
plants were analysed for cyanogenic potential (HCNp, amount of cyanogenic precursors) (A), b-glucosidase activity (B) and soluble protein concentration (C).
Bars are means + s.d. Significant differences among treatments are indicated
by lower case letters [according to post-hoc analysis (l.s.d.; P , 0.05) after
one-way ANOVA].

3 – 5; 2.9 – 3.9 dS m – 1) showed significantly elevated HCNp
values (by factors of 1.2, 1.3 and 1.4). As for entire
plants, b-glucosidase activity and soluble protein levels in

Soil salinity belongs to the most common and dramatic stress
factors in agricultural ecosystems. Surprisingly, the quantitative
effects of increasing soil salinity on plant defensive traits and
subsequently on plant consumers are still little understood. In
this study, we showed that elevated salinity led to significantly
increased cyanogenic potential (HCNp; amount of cyanogenic
precursors in a given tissue) in white clover (Trifolium repens),
resulting in enhanced plant defence against mollusc and insect
herbivores. In contrast to the significantly increased HCNp in
our experimental plants, the activity of b-glycosidases –
enzymes that critically determine the kinetics of cyanide
release from cyanogenic precursors from damaged cells – as
well as nutritive traits (soluble protein concentration) remained
unaffected.
In a gradient of salt treatments, we observed a distinct increase
in HCNp not only on the level of individual leaves but also for
whole plants. Thus, we suggest a de novo synthesis rather than redistribution of cyanogenic precursors in salt-stressed plants to be
responsible for the observed effects. In other plant systems,
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F I G . 4. Slug and weevil herbivory on plants growing under different soil salinity. Six groups (n ¼ 9 plants per group) of clonal white clover plants were cultivated under six salt (NaCl, sodium chloride) treatment conditions. Soil salinity
was measured as electrical conductivity (dS m – 1) in soil-saturated paste extracts;
control plants were grown in soil without added salt (control, 0.2 + 0.1; level 1,
1.7 + 0.2; level 2, 2.3 + 0.2; level 3, 2.9 + 0.1; level 4, 3.4 + 0.2; level 5, 3.9 +
0.2). In cafeteria-style feeding trials, weevil (clover leaf weevil, Hypera punctata)
and slug (grey garden slug, Deroceras reticulatum) were offered leaf material
from all six salt treatment groups simultaneously and herbivory was measured
as removed leaf area (mm2) per time (6 h). Bars represent means + s.d.
Significant differences are indicated by lower case and upper case letters [according to post-hoc analysis (l.s.d.; P , 0.05) after one-way ANOVA].
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F I G . 3. Variation of chemical traits of individual leaves under different soil salinity. Six groups (n ¼ 9 plants per group) of clonal white clover plants were cultivated under six salt (NaCl, sodium chloride) treatment conditions. Soil salinity
was measured as electrical conductivity (dS m – 1) in soil-saturated paste extracts;
control plants were grown in soil without added salt (control, 0.2 + 0.1; level 1,
1.7 + 0.2; level 2, 2.3 + 0.2; level 3, 2.9 + 0.1; level 4, 3.4 + 0.2; level 5, 3.9 +
0.2). Leaves of a defined developmental stage (fully unfolded, four leaf insertion
positions down the apex) were analysed for cyanogenic potential (HCNp, amount
of cyanogenic precursors) (A), b-glucosidase activity (B) and soluble protein
concentration (C). Bars are means + s.d. Significant differences among treatments are indicated by lower case letters [according to least significant difference
post-hoc analysis (l.s.d.; P , 0.05) after one-way ANOVA].
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F I G . 5. Correlation between cyanogenic potential (HCNp) and leaf consumption by slug and insect herbivores. In cafeteria-style feeding trials, individual
weevils (clover leaf weevil, Hypera punctata) and slugs (grey garden slug,
Deroceras reticulatum) were offered leaf material from all six salt treatment
groups simultaneously. After an experimental period of 6 h, herbivory was measured as removed leaf area (mm2) per time. Data from all feeding trials (n ¼ 9 per
herbivore species) were pooled, and correlations between HCNp and leaf area
consumption were calculated (two-tailed Pearson’s correlation).

concentration effects of secondary compounds have been
demonstrated in stressed plants due to reduced biomass production under the respective stress conditions (Koricheva, 1999). In
our study, the strong increase in HCNp per whole plant together
with the non-significantly altered plant biomass among the
plants subjected to salt treatments rules out concentration
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excess energy and reducing power, thereby mitigating stress
(Nielsen et al., 2013; Selmar and Kleinwachter, 2013;
Gleadow and Møller, 2014). Furthermore, cyanogenic precursors can affect the osmotic potential of plant cells as they are
accumulated in the form of glycosides in vacuoles (Møller,
2010). Plants frequently employ nitrogen-containing compounds as well as sugars and inorganic ions as a means of
osmotic adjustment when faced with salt stress (Parida and
Das, 2005). The increased concentration of solutes reduces cell
water potential and allows for absorption of water despite low
soil water potential (Mansour, 2000; Ashraf and Harris, 2004).
In this line, in a recent study on the responses of white clover
to flooding by seawater, the authors found increased solute accumulation (sucrose and proline) in plants growing in saline soils
(White et al., 2014). The increased levels of cyanogenic glycosides we report here for salt-exposed white clover plants potentially serve this purpose as well. However, more work needs to
be conducted to determine whether genotypes of T. repens demonstrating greater salt tolerance accumulate different amounts of
cyanogenic glycosides than more salt-sensitive conspecifics.
Whether or not the enhanced production of cyanogenic glycosides in salt-stressed plants is primarily a mechanism to reduce
water potential in plant cells, we showed that the increase in
HCNp resulted in elevated defence against two natural herbivores of white clover – slugs and weevils. While in our study significant reduction of leaf consumption by both herbivores was
observed only at higher treatment levels (levels 4 and 5, corresponding to soil conductivities of 3.4 and 3.9 dS m – 1; Fig. 5) it
should be noted that these levels of soil salinity are only considered ‘moderate’. The salt concentration in agricultural areas is
frequently much higher (Abrol et al., 1988). Furthermore, we
observed a significant correlation of HCNp and reduced herbivory among all salt treatments, indicating effects of increased
HCNp on herbivore leaf consumption at even lower soil salt concentrations (Fig. 4). Our findings indicate that changes in plant
biochemistry in response to soil salinity are likely to affect aboveground food webs in a broad range of environments affected to
various degrees by elevated salt concentrations in the soil.
Nevertheless, it should be taken into account that despite the
strong correlation between increased HCNp and decreased herbivory, other salinity-related factors such as Cl – or Na+ accumulation in leaves (White et al., 2014) may have contributed to
reduced herbivory in salt-stressed white clover plants.
In general, plant cyanogenesis is an efficient defence against a
wide range of herbivores, including both generalist and specialist
insect herbivores (Ballhorn et al., 2005, 2010b). For example, the
Mexican bean beetle (Coccinellidae: Epilachna varivestis) is a
specialist herbivore feeding on foliage of a small range of
legume host plants including cyanogenic lima bean (Phaseolus
lunatus). While the insects show a distinct preference for this
host, in long-term studies bean beetle fitness was reduced on
high cyanogenic lima bean genotypes compared with lower cyanogenic conspecifics (Ballhorn et al., 2007). However, in
other plant – herbivore systems cyanogenesis did not provide an
efficient defence even against generalist herbivores, which are
usually considered more sensitive to chemical plant defence
compounds. These differences in efficacy of cyanogenesis as a
defence against various herbivore species are often due to the
mode of herbivore feeding (Slocum et al., 2002). For example,
piercing – sucking herbivores often cause only minimal tissue
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effects as the mechanism responsible for increased HCNp.
However, while de novo synthesis of cyanogenic glycosides
represents a plausible explanation, reduced rates of turnover of
cyanogenic precursors may be another mechanism affecting
variation in HCNp in salt-stressed plants (reviewed in Gleadow
and Møller, 2014). Studies on gene expression will be necessary
to determine functionally the mechanism resulting in increased
HCNp in response to elevated salt concentration in the soil.
Although we observed no significant effects of salt treatments
on plant biomass production, in other studies white clover has
been demonstrated to respond to soil salinity with decreased
growth. Specifically, increased soil salinity has been shown to
reduce dry matter production, photosynthesis, growth rates and
leaf expansion in T. repens (Rogers et al., 1993). This apparent
variation in the effects of soil salinity on biomass production in
white clover might have several reasons. First, as we were ultimately interested in the effects of salt-mediated plant quality on
herbivores, we used exclusively fresh plant material for
feeding trials in our study, as this is the form of plant material herbivores are exposed to in nature. As water comprises the major
proportion of fresh weight, we may not have detected variation
in dry weight in response to salt treatment. Another possibility
explaining the relatively small observed response in terms of
biomass accumulation may be the fact that our experimental
plants originated from a pasture near the Oregon Pacific coast
(approx. 2 km) and may have been pre-selected to some extent
for salinity tolerance. Data showing the existence of white
clover ecotypes from seawater flooding zones demonstrating
enhanced resistance to soil salinity have recently been published
(White et al., 2014). Flooding, however, has not occurred in
recent times at our site, but the input of salt through wind over
time and concentration effects via evaporation from the soil
may have been sufficient as selective factors.
While the functional basis underlying the upregulation of
cyanogenesis in plants exposed to soil salinity within this
system remains to be studied, distinct effects of soil salinity on
the production of secondary compounds have also been demonstrated in other plants. The root alkaloid of a medicinal plant,
Catharanthus roseus (Apocynaceae), was reported to have
increased concomitantly with saline treatment (Jaleel et al.,
2008). In a comparative study of two varieties of Lactuca
sativa (Asteraceae) under salt stress, Mahmoudi et al. (2010)
found that the more salt-tolerant ‘Verte’ variety exhibited
enhanced production of carotenoids, phenolics and antioxidative
enzymes relative to the salt-sensitive ‘Romaine’ variety.
Similarly, a salt-tolerant clone of Saccharum officinarum
(Poaceae) exhibited significantly greater increases in phenolics,
anthocyanins and flavones relative to a salt-sensitive clone of the
same species under salt stress (Wahid and Ghazanfar, 2006).
Such examples show that plants frequently respond to enhanced
soil salinity with changes in their secondary metabolism. In
general, these secondary metabolites may perform a multitude
of functions relative to salinity tolerance beyond providing
defence against herbivores or pathogens, conferring an adaptive
advantage in response to abiotic stress (Mansour, 2000).
Multiple functions have also been reported for cyanogenic
glycosides. In many plants, cyanide-containing precursors are
not only a chemical defence against herbivores but can also
serve as nitrogen storage (Møller, 2010). In addition, the synthesis and turnover of such precursors may be a way of dissipating
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clover plants may have a far-reaching impact on the resistance
of this important forage crop to abiotic stresses. Research on
white clover cyanogenesis shows that high cyanogenic plants
are more susceptible to frost and drought (Daday, 1965; Foulds
and Grime, 1965). In this line, Olsen and Ungerer (2008)
observed decreased numbers of high cyanogenic plants in cold
climates, whereas in warm climates, high cyanide morphs
tended to prevail. Thus, the sensitivity to cold temperatures
may increase in white clover populations exposed to salt or
drought stress. On the other hand, an additional upregulation of
the HCNp of high cyanogenic salt-stressed plants may further
enhance negative effects of HCNp on herbivores in these locations. If cyanide production increases as a result of increasing salinity and is selected for under warmer conditions, we are likely to
see an increase in the proportion of high cyanogenic morphs, particularly in regions experiencing increasing temperatures and
secondary soil salinization due to irrigation. These effects
would be potentially compounded by drought (as increased
evapotranspiration increases solute concentrations in shoots)
and elevated CO2, both of which have been demonstrated to
increase the HCN/soluble protein ratio significantly in white
clover (Gleadow et al., 2009).
Conclusions

The increased production of cyanide-containing glycosides
under elevated soil salinity reported here could have major implications concerning food security, agricultural economics and
also the function of natural and agricultural ecosystems.
Increasing soil salinity is a globally widespread problem affecting many densely populated regions utilizing agricultural
systems heavily reliant on irrigation. Extensive research has
been conducted to increase salt tolerance in plants through transgenic approaches (Yamaguchi and Blumwald, 2005) and on
novel irrigation strategies to diminish salt accumulation (Yeo,
1999). However, the quantitative chemical responses of plants
to soil salinity and the resulting bottom-up effects on plant consumers are still little understood. The present study provides new
insights into these interactions using a natural plant – herbivore
system.
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disruption, thus avoiding efficient release of toxic HCN from cyanogenic precursors in the course of plant cyanogenesis
(Gleadow and Woodrow, 2002).
While both invertebrate and vertebrate herbivores possess
enzymes for cyanide detoxification (b-cyano-alanine synthase
or rhodanese) (Ballhorn et al., 2007, 2009b), constant exposure
to sub-lethal doses of cyanide reduces the fitness of these organisms. Furthermore, many herbivores (including vertebrate livestock) have endogenous b-glucosidases capable of degrading
cyanogenic precursors and releasing toxic quantities of HCN, effectively increasing levels of free cyanide during digestion
(Kakes, 1993; Jones, 1998). Herbivore preference for low cyanogenic plants, however, often occurs pre-digestion via detection of
free cyanide during test feeding (Ballhorn et al., 2005, 2010b).
The increase in constitutive precursors without enhanced
b-glucosidase activity, as we report in the present study, may
pose a dual threat to herbivores as the high levels of bound
cyanide potentially are not detected by the herbivores (Kakes,
1989; Ballhorn, 2005). In livestock, HCN released via
b-glucosidase activity in the gastrointestinal tract upon ingestion
can lead to malnourishment or intoxication if no other food
source is available (Webber et al., 1985; Hopkins, 1995;
Caradus and Forde, 1996). The latter outcome may be particularly significant when white clover b-glucosidase is not upregulated
as drastically as HCNp, which could result in decreased cyanide
release during feeding but an increased and more harmful internal release of cyanide from ingested cyanogenic glycosides.
Beyond plant – herbivore interactions, an increased HCNp in
plants growing under salt stress may further impact plant resistance to fungal pathogens and consequently reduce crop production. While cyanide is generally toxic to all eukaryotes due to
inhibition of the mitochondrial respiration pathway through
blocking the cytochrome a/a3-dependent oxidase (Solomonson,
1981), no consistent functional association between cyanogenesis
and resistance of plants to pathogenic fungi has been found so far
(Rissler and Millar, 1977; Fry and Myers, 1981; Lieberei, 1988;
Lieberei et al., 1989, 1996; Nielsen et al., 2006). This is in part
due to the effective HCN detoxification in some pathogenic
fungi, e.g. by cyanide hydratases (Osbourn, 1996). Several
studies suggest that highly cyanogenic plants are even more susceptible to fungal pathogens than conspecifics with lower cyanogenic properties (Dirzo and Harper, 1982; Lieberei et al., 1989,
1996; Osbourn, 1996). This can be explained by negative
effects of cyanide on plant enzymes involved in anti-pathogen
defence (Solomonson, 1981; Lieberei, 2007). Hydrogen cyanide
quantitatively affects many enzymatic activities, most of all
those of metal-containing enzymes. In addition to catalases and
peroxidases, polyphenol oxidases represent an important group
of plant enzymes involved in plant defences against pathogens
and herbivores (Ballhorn, 2011; Ballhorn et al., 2010a, 2011).
These enzymes oxidize phenolic compounds to reactive quinones
(Felton et al., 1992; Bi et al., 1995; Stout et al., 1996; Thaler et al.,
2001; Karban et al., 2002; Kranthi et al., 2003) centrally involved
in plant defence responses. Thus, higher susceptibility to fungal
pathogens in salt-stressed plants in the course of enhanced production of cyanide may add a further dimension to the ecological and
agricultural impact of increasing soil salinity.
In addition to affecting biotic interactions such as the interactions with natural herbivore communities, livestock and pathogens, an increased expression of HCNp in salt-stressed white

Ballhorn & Elias — Soil salinity affects cyanogenesis in white clover

Kakes P. 1989. An analysis of the costs and benefits of the cyanogenic system in
Trifolium repens L. Theoretical and Applied Genetics 77: 111–118.
Kakes P. 1993. Function and variation of the beta-glucosidase linamarase in
natural populations of Trifolium repens. In: Esen A, ed. b-Glucosidases.
Biochemical and molecular biology. ACS Symposium Series, Vol. 533.
Washington, DC: American Chemical Society, 145–152.
Karban R, Ullman D, Thaler J, Boege K, Bostock R. 2002. Cross-talk between
jasmonate and salicylate plant defense pathways: effects on several plant
parasites. Oecologia 131: 227 –235.
Koricheva J. 1999. Interpreting phenotypic variation in plant allelochemistry:
problems with the use of concentrations. Oecologia 119: 467– 473.
Kranthi S, Kranthi KR, Wanjari RR. 2003. Influence of semilooper damage on
cotton host-plant resistance to Helicoverpa armigera (Hub). Plant Science
164: 157–163.
Lieberei R. 1988. Relationship of cyanogenic capacity (HCN-c) of the rubber
tree Hevea brasliensis to susceptibility to Microcydus ulei, the agent
causing South American leaf blight. Journal of Phytopathology 122: 54– 67.
Lieberei R. 2007. South American leaf blight of the rubber tree (Hevea spp.): new
steps in plant domestication using physiological features and molecular
markers. Annals of Botany 100: 1125–1142.
Lieberei R, Biehl B, Giesemann A, Junqueira NT. 1989. Cyanogenesis inhibits
active defense reactions in plants. Plant Physiology 90: 33–36.
Lieberei R, Fock H, Biehl B. 1996. Cyanogenesis inhibits active pathogen
defence in plants: inhibition by gaseous HCN of photosynthetic CO2 fixation
and respiration in intact leaves. Angewandte Botanik 70: 230– 238.
Mahmoudi H, Huang J, Gruber MY, et al. 2010. The impact of genotype and
salinity on physiological function, secondary metabolite accumulation, and
antioxidative responses in lettuce. Journal of Agricultural and Food
Chemistry 58: 5122– 5130.
Mansour MMF. 2000. Nitrogen containing compounds and adaptations of
plants to salinity stress. Biologia Plantarum 43: 491–500.
Møller BL. 2010. Functional diversifications of cyanogenic glucosides. Current
Opinion in Plant Biology 13: 338–347.
Nahrstedt A. 1985. Cyanogenic compounds as protecting agents for organisms.
Plant Systematics and Evolution 150: 35– 47.
Nielsen AZ, Ziersen B, Jensen K, et al. 2013. Redirecting photosynthetic reducing power toward bioactive natural product synthesis. ACS Synthetic
Biology 2: 308– 315.
Nielsen KA, Hrmova M, Nielsen JN, et al. 2006. Reconstitution of cyanogenesis in barley (Hordeum vulgare L.) and its implications for resistance
against the barley powdery mildew fungus. Planta 223: 1010–1023.
Olsen KM, Ungerer MC. 2008. Freezing tolerance and cyanogenesis in white
clover (Trifolium repens L. Fabaceae). International Journal of Plant
Sciences 169: 1141– 1147.
Osbourn AE. 1996. Preformed antimicrobial compounds and plant defense
against fungal attack. The Plant Cell 8: 1821–1831.
Parida AK, Das AB. 2005. Salt tolerance and salinity effects on plants: a review.
Ecotoxicology and Environmental Safety 60: 324– 349.
Poulton JE. 1990. Cyanogenesis in plants. Plant Physiology 94: 401–405.
Rhoades JD, Manteghi NA, Shouse PJ, Alves WJ. 1989. Estimating soil salinity from saturated soil-paste electrical conductivity. Soil Science Society of
America Journal 53: 248– 433.
Rissler JF, Millar RL. 1977. Biochemical evidence for the histochemical localization of linamarase activity in Lotus corniculatus infected with
Stemphylium loti. Protoplasma 92: 57–70.
Rogers ME, Noble CL, Nicolas ME. 1993. Variation in yield potential and salt
tolerance of selected cultivars and natural populations of Trifolium repens L.
Australian Journal of Agriculture 44: 785– 798.
Selmar D, Lieberei R, Biehl B, Voigt J. 1987. Hevea linamarase, a non-specific
b-glycosidase. Physiologia Plantarum 83: 557–563.
Selmar D, Lieberei R, Conn EE, Biehl B. 1989. a-Hydroxynitrile lyase in
Hevea brasiliensis and its significance for rapid cyanogenesis.
Physiologia Plantarum 75: 97–101.
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